Extracellular vesicles (EVs) are a heterogeneous collection of membrane-bound carriers with complex cargos, including proteins, lipids and nucleic acids. While release of EVs was previously thought to be only a mechanism to discard nonfunctional cellular components, increasing evidence implicates EVs as key players in intercellular and even interorganismal communication. EVs confer stability and can direct their cargoes to specific cell types. EV cargoes also appear to act in a combinatorial manner to communicate directives to other cells. This review will focus on recent findings and knowledge gaps in the area of EV biogenesis, release, and uptake. In addition, we highlight examples whereby EV cargoes control basic cellular functions, including motility and polarization, immune responses, and development, as well as contribute to diseases, such as cancer and neurodegeneration.
Introduction
The cellular release of molecules in association with membrane vesicles has been recognized for some time, together with the question as to what extent this represents "cell debris" [1] . It has become increasingly clear that cells release vesicles of varying sizes through both the * RNA and fibronectin. Unfortunately, the consequences of ultracentrifugation on the structural integrity of EVs are unknown. Ultracentrifugation does induce aggregation of multiple EVs [22] and could potentially induce changes in EV structure. Over the next few years, we anticipate a barrage of new EV isolation and characterization methods, as well as insights into their biogenesis, fate and function.
EVs are unique in that they can be viewed as cell "biopsies" that are released as free, relatively stable entities that can distribute over short and long distances within the extracellular spaces and biofluids of organisms. Their stability is attributed in part to the lipid content of their membranes, which are enriched in cholesterol, sphingomyelin, annexin, phosphatidylserine and glycosphingolipids, as compared to the cellular plasma membrane [23] . EVs have the ability to protect internal cargo and the potential to deliver it to specific cell types through ligand-receptor interactions. One intriguing parameter is their potential to cross tissue barriers. Several studies even support their ability to cross the blood-brain barrier (e.g. [24] ). Although the mechanism is not known, one possibility is that EVs transcytose through endothelial cells, entering a cell through the endocytic system and exiting through MVBs. Their potential for addressability and barrier penetration makes them promising therapeutic delivery vehicles [25] . Their universal presence in all biofluids, release from all different cell types in the body, changes in molecular content based on cell of origin and pathophysiological state of cells makes them remarkable biomarkers [26] .
EV biogenesis and release EV biogenesis
EVs are thought to be formed by multiple mechanisms. In all cases, lipid curvature must be induced to form either an inward-budding vesicle within the endocytic system (exosomes) or an outward budding vesicle at the plasma membrane (microvesicles). For exosomes, several mechanisms have been described. The best-characterized mechanism involves recruitment of the endosomal sorting complex required for transport (ESCRT) machinery to ubiquitinated proteins in the early endosome. The ESCRT machinery consists of four protein complexes (ESCRT-0, -I, -II, and -III) along with accessory proteins (Alix, VPS4, VTA-1) that sequentially act to bind future exosome cargoes and form intraluminal vesicles (ILVs) incorporating those cargoes [27] . Notably, the ESCRT-III complex forms spirals that induce the inward budding and fission of vesicles in order to form MVBs [28] [29] [30] . An alternate pathway of exosome formation, more recently described, involves synthesis of ceramide as a mechanism to induce vesicle curvature and budding [31] . Certain cargoes have been shown to preferentially depend on ceramide synthesis [31, 32] for their presence in ILVs of MVB. A third mechanism that has been proposed for exosome biogenesis is tetraspanin-mediated organization of specific proteins, such as the amyloidogenic protein, premelanosome protein (PMEL) [33, 34] .
The description of multiple mechanisms of biogenesis has created some confusion both for insiders and outsiders of the field. Whereas it was originally thought that the ESCRT machinery consisted of a totally essential set of protein complexes that progressively execute stages of ILV formation, recent data suggest that earlier components of the pathway may be more essential than later ones. Thus, while knock-down of the ESCRT-0 and -I proteins Hrs, STAM1, and TSG101 decreases exosome release, knock-down of other ESCRT components can have no effect or increase exosome release from cells [35] . Furthermore, even simultaneous knock-down of multiple ESCRTs can lead to continued formation of ILVs, although they are fewer, of abnormal size, and do not contain EGFR, a classic ubiquitinated protein sorted by ESCRTs to ILVs [36] . Nonetheless, it is not totally clear how separate the proposed pathways of exosome biogenesis truly are [37] . For example, the proposed ceramide mechanism accounts for membrane curvature but not cargo sorting, except for some self-assorting of cargoes into specific lipid domains. It also seems likely that ESCRTmediated cargo sorting could synergize with ceramide-induced lipid curvature to create vesicles that utilize both mechanisms. The existing studies have used knock-down approaches and it is possible is that the remaining amounts of ESCRT proteins after knockdown are sufficient to induce some ILV formation. Furthermore, ceramide-and tetraspaninmediated mechanisms may not be totally independent, but could compensate to allow ILV formation in the absence of ESCRT. This is a tricky area, and gene editing techniques to obtain full knock-outs may help resolve the issue of the essentiality of various components, as well as whether they involve separate or collaborating mechanisms.
For EVs that are formed by direct budding from the plasma membrane, e.g. microvesicles, the molecular mechanisms of biogenesis are even less well characterized. One mechanism involves recruitment of the same ESCRT machinery that promotes formation of ILVs in MVB and viral budding. Thus, both exosomes and microvesicles can be formed and pinched off through recruitment of the negative curvature-promoting ESCRT III proteins [28] [29] [30] 27] . In one case, the adaptor protein, arrestin domain containing protein 1 (ARRDC1) was shown to recruit ESCRT proteins TSG101 (ESCRT-I) and VPS4 (accessory protein) to the plasma membrane [18] . Vesicle budding can occur in response to plasma membrane wounding, as a mechanism to repair damaged membrane [38, 39] . Similar to exosome biogenesis, mechanisms that generate or alter asymmetry of the plasma membrane with respect to lipids also appear to be important [40] . These mechanisms include alterations in activity of enzymes that transfer lipids from one leaflet of the plasma membrane, such as flippases, floppases, and scramblases [41] . For example, in C. elegans, inhibition of a lipid flippase that transfers phosphatidylethanolamine from the outer leaflet of the plasma membrane to the inner leaflet promotes vesicle budding [42, 43] . Alterations in ceramide content on the outer leaflet via activation of acid sphingomyelinase can also induce membrane curvature and trigger microvesicle release [44] [45] [46] . Shedding of vesicles has been shown to occur from multiple aspects of the plasma membrane, including at microvillar protrusions of intestinal epithelial cells [47] and from cells engineered to overexpress hyaluronan synthase [48] , as well as from cilia [49] .
EV release
Extracellular vesicles (EVs) are released from cells by a variety of mechanisms, depending on their mode of biogenesis [50] (Fig. 1) . Microvesicles are released quite simply when they pinch off from the cell surface. Exosomes, which derive from the endocytic system, are released when MVBs fuse with the plasma membrane. An alternate fate for MVBs is fusion with lysosomes, which leads to degradation and recycling of their protein, nucleotide and lipid contents. As exosomes carry growth factors and other signaling molecules, fusion of MVB with lysosomes should turn off autocrine signaling. By contrast, fusion with the plasma membrane to release exosomes directly into the cytoplasm could both promote autocrine and paracrine signaling. A number of steps could affect the intracellular decision to degrade or release exosomes, including intracellular transport of MVB along microtubules to the plasma membrane, creation of docking sites at the plasma membrane, or recruitment of Soluble NSF Attachment Protein Receptor (SNARE) proteins that mediate fusion with either lysosomes or the plasma membrane. In addition, autophagosomes have been shown to fuse with MVBs and target them to lysosomes. Molecular regulators implicated in exosome release include multiple molecules implicated in MVB docking including the GTPases Rab27a, Rab27b, Rab35, and RalA [51] [52] [53] , and the cortical actin regulator, cortactin [54] , as well as the fusion regulator synaptotagmin-7 [55] .
EV interactions with cells: Binding, uptake, fusion and fate?
The topology of EVs is similar to cells, with extracellular receptors and ligands positioned on the outside, and cytoplasmic proteins and RNAs on the inside. Thus, in order for EVs to functionally communicate with cells, different types of interactions may be involved. This could include release of EV contents in the extracellular space, EV binding to the cell surface, EV-plasma membrane fusion, and uptake by endocytosis (Fig. 1) . For stimulation of cell signaling by EV-associated extracellular ligands, EVs may directly interact with cognate receptors located on the plasma membrane of cells (or vice versa). This recognition may also serve as a means of "addressing" EVs to certain cell types [56, 12] . Such ligand-receptor interactions likely accounts for many targeted biological effects of EVs, including those caused by EV-carried growth factors, angiogenic factors and extracellular matrix (ECM) proteins. For delivery of RNAs or cytoplasmic proteins, EVs must not only bind to, but also release their contents into recipient cells, either by direct fusion with the plasma membrane or with the endosomal membrane after endocytosis.
Several factors may determine the likelihood of EV-cell fusion occurring. First, close apposition of the two membranes due to ligand-receptor binding or glycoprotein interactions is necessary. Second, the lipid composition of EV and cellular membranes is likely to affect their propensity to fuse. Thus, high lipid raft content in EV may facilitate their fusion with cells [57] . In addition, acidic pH in the extracellular environment has also been shown to enhance EV-membrane fusion [58] , suggesting that EV fusion with the plasma membrane may occur preferentially in acidic environments, such as occurs in tumors or in the stomach. It also suggests that the acidic environment found in endosomes may enhance fusion after EV uptake. Uptake of EVs into the endocytic system appears to be the most common mode of uptake and may be promoted by specific stimulation of cellular receptors by EV-bound ligands [57] . Interestingly, a recent study showed that exosomes may initially bind to filopodia and rapidly move inward to be internalized at endocytic hotspots at the filopodia base [59] . Within the cell, the exosome-containing endosomes were found to scan the ER before fusing with lysosomes. It is unclear how cargo delivery takes place within the cell, but it is possible that either a transient "kiss and run" fusion event or full fusion between the EV and endosomal membranes might deliver cargo into the cytoplasm prior to lysosomal fusion with subsequent degradation of cargo. Since the ER has recently been identified as a site of nucleation for the RNA Interference Silencing Complex (RISC) [60, 61] through binding of ribosome-bound mRNA [62] , an interesting possibility is that the interaction between exosome-containing endosomes and the ER might lead to functional activity of miRNA delivered via exosomes.
Roles of EVs in cellular functions

Cellular migration and invasion
Cellular migration requires well-timed coordination of cellular orientation, protrusion formation and adhesion to ECM proteins, and EVs have been implicated in important roles in all these processes. In vivo, EVs have been shown to promote cell migration. Thus, genetic inhibition of exosome secretion decreased the speed and directionality of cancer cells migrating in a chick embryo model [63] . In addition, EV transfer from malignant cells to less malignant cells was associated with increased migration of recipient cells in xenograft tumors in mice, both locally and at distant sites [64] . In culture, EVs have been shown to enhance the chemotactic response of neutrophils to the bacterial product f-MetLeu-Phe by generating the lipid signaling molecule, leukotriene B4 (LTB4) via the activity of EV-associated 5-lipoxygenase [65] . EVs can also promote leading edge protrusion via activation of planar cell polarity (PCP) pathways. Thus, Wnt11-loaded CD81-positive vesicles can induce protrusive behavior of breast cancer cells, migration in culture, and metastases in vivo [66] . Finally, EVs can promote migration, invasion, and metastasis through interaction with ECM [63, 12] .
EV interactions with the ECM are multifaceted. ECM molecules bound to integrins on EVs can be released in an autocrine manner to form an adhesive substrate that facilitates speed of cell migration [63] . Integrins on EVs may also bind to the ECM in tissues as a potential means of creating premetastatic niche sites [12] . The binding of EVs to ECM components is based, at least in part, on ligand-receptor interactions, e.g. α6β4 and α5β1 integrins on EVs bind to matrix molecules laminin-332 and fibronectin, respectively [63, 12] . Finally, EVassociated proteases, such as matrix metalloproteinases (MMPs), can degrade the ECM, thereby remodeling tissues and increasing invasion and migration of tumor cells [67, 55, 68, 69] .
Immunity
EVs play a complex role in immune responses ( Fig. 2 ) and can influence both adaptive and innate immunity through exchange of EVs among multiple types of immune cells. Intracellular vesicle transport is crucial for MHC class-II mediated antigen presentation [70] . After delivery to the plasma membrane from the Golgi, clathrin-mediated endocytosis of cellular membrane MHC class II complexes can result in the incorporation of MHC class-II αβ dimers into ILVs within MVBs and their limiting membrane. Antigen peptide binding to MHCII occurs within this compartment. Peptide-bound MHCII in the limiting membrane of the MVB can be directly recycled back to the cellular membrane. In addition, some MVBs directly fuse with the plasma membrane releasing the ILVs with incorporated peptide-MHCII into the extracellular space as EVs [71] . These EVs are potent in inducing an immune response, as antigen-specific T-cell activation can be induced by dendritic cell (DC) secreted-EVs, either indirectly through DCs that express the co-stimulatory molecules CD80 (B7-1) and CD86 (B7-2) [72] or directly by ICAM-1-presenting mature DC-derived EVs [73] . EVs purified from DCs have been shown to differentiate T helper cells towards a Thelper 1 (Th1) phenotype and to enhance in vivo immunogenicity [74] .
Much of the EV exchange between T cells and antigen presenting cells (APCs) takes place at the immune synapse, a site of cell-cell adhesion that promotes T-cell activation (Fig. 2) . In addition to the EV flow from APCs to T-cells for the purpose of antigen presentation, T-cells also release EVs at the immune synapse in order to influence target cells. T-cells have been shown to release both exosomes and microvesicles. In the case of exosomes, T cell MVBs were shown to translocate to the immunological synapse before fusion with the plasma membrane [75] . These exosomes contain miRNAs (e.g miR-335) that are internalized into the APCs and subsequently reduce target mRNA expression levels, as detected in a miR-335 target SOX4-luciferase reporter assay. In addition, through a combination of live cell imaging, correlative light-electron microscopy and biochemical experiments, T cell receptor (TCR)-containing EVs were found to bud from T cells at the immune synapse and engage peptide-bound MHC in recipient antigen-presenting B-cells [76] . These experiments suggest that EVs are part of a dynamic interchange between immune cells that includes communication taking place at a distance, such as stimulation of transmembrane receptors.
In addition to ligand-receptor interactions, the RNA cargo of DC EVs can influence immune cell function. miRNA transfer from DC to DC has been shown to involve EVs and to lead to alterations in recipient cell gene expression [77] . Recently, it was also shown that T regulatory (Treg) cells reduce Th1 (CD4 + IFNgamma + ) inflammatory responses by EV transfer of miRNA (especially let-7d) to Th1 cells [78] . Double knock-out of Rab27a and Rab27b, shown to reduce exosome release [51] , reduced Treg EV release and subsequently reduced the Th1 modulation of Treg cells. miRNAs carried by EVs can also activate Tolllike receptor (TLR) 8 signaling which induces cytokine secretion, by presumably mimicking viral RNA [79] . Conversely, EV transfer of miRNAs from MSCs to macrophages suppresses the macrophage immune response by altering NFkB signaling and downstream reduction of TLR (MyD88-dependent) pattern recognition [80] .
Overall, the combination of RNA and ligand-receptor interaction between diverse immune and non-immune cell types is likely to contribute to complex immune responses. One could imagine that dynamic feedback via EVs may lead to both transient and more long-term immune modulatory responses that fine-tune the ability to fight diverse pathogens, while preserving host tissue.
Physiological roles of EVs
Increasing evidence supports a fundamental role for EVs in cell-cell communication during normal development and adult physiology.
Development
During development, EVs may have diverse roles in setting up the body plan and determining tissue organization [81] . Morphogen gradients control cell fate during body patterning. While soluble molecules are implicated in this process, the long distances over which the gradients are generated and maintained has suggested that passive gradient generation alone may be insufficient. The contribution of membranous components called argosomes was first described as a possible mechanism to actively generate stable gradients in Drosophila [82] . The discovery that the key morphogen molecules Wingless (Wnt) and Hedgehog are trafficked through MVBs and carried by exosomes further supports the idea that EVs may be an important component of morphogen gradients [83] [84] [85] . Nonetheless, further experimental support will be required to solidify the role of EVs in morphogenesis. Notably, mice deficient for several key proteins involved in EV biogenesis (neutral sphingomyelinase2) or secretion (Rab27a/b) regulators are viable and fertile, albeit with defects in growth and bone ossification (nSMase2) or in immune, platelet, and pigmentation functions (Rab27a/b) [86] [87] [88] [89] [90] [91] . Conversely, knock-out of the ESCRT-0 and ESCRT-1 genes, Hrs and Tsg101 that promote exosome biogenesis leads to embryonic lethality [92, 93] with developmental (Hrs) and implantation (TSG101) defects. It is unclear whether the differences between these phenotypes reflects EV-independent roles of ESCRT proteins, redundancy or tissue-specific compensation by some EV regulators, selectivity of some EV regulators for a subset of EVs, or lack of requirement for EVs in development. Nonetheless, this is an intriguing area for future investigation.
The tissue patterning that occurs in response to morphogen gradients involves cell polarization -that is, the structural specification of the anterior, posterior, ventral and/or dorsal sides of a cell. Recently EVs have been implicated in several aspects of cell polarity, including planar cell and front-back polarity during cell migration [66, 63, 65] . A cellular structure associated with cell polarization in tissues is the primary cilium, a nonmotile cilium structure that is present in most nondividing cells as one cilium per cell. Primary cilia serve as cellular antennae, receiving and responding to chemical, mechanical, and thermal signals from the environment [94] . In most organisms, they are also critical for Hedgehog signaling [95] . The importance of primary cilia during development has been recognized by the discovery of diseases, such as polycystic kidney disease and congenital cardiac asymmetry disease that occur due to primary cilium dysfunction [94] .
Recently, primary cilia have been identified as sites of vesicle release [96] [97] [98] [99] [100] . Notably, key polycystic kidney disease molecules, the polycystins are cargos of primary cilia EVs and regulate Ca++ and mechanotransduction signaling in cells [99] . In related flagellar structures of the unicellular organism Chlamydomonas sporangia, these EVs are clearly shed "ectosomes" (microvesicles), as they have been observed budding from the cilia by differential interference contrast (DIC) microscopy [49] . In C. elegans, the lack of MVB near the primary cilium combined with lack of effect of ESCRT-0 and -1 inhibition on ciliaassociated vesicle shedding suggests that C. elegans neuronal cilia EVs are also likely to be ectosomes [97] . In addition, EM images of primary cilia from mammalian neuroepithelial progenitor cells are suggestive of budding as the mechanism of EV release from primary cilia [100, 101] .
Fertilization and mating behavior
EVs are known to promote sperm-egg fusion, dependent on the tetraspanin CD9 [102] . After fusion, EV shedding from the fertilized egg inhibits polyspermy by rapid removal of the sperm receptor from the plasma membrane [103] . In the early embryo, EVs released by stem cells in the inner cell mass contain laminin and fibronectin which bind to integrins on the trophoblasts, leading to activation of JNK and focal adhesion kinase (FAK) pathways promoting migration and implantation [104] .
EVs can also affect mating behavior. In Drosophila, remating of females can be inhibited by exosomes released from male reproductive glands in response to bone morphogenetic protein signaling [105] . Although the responsible cargoes are unknown, the male EVs interact with female reproductive tract epithelium and alter female mating behavior. Genetic studies in C. elegans on EVs released by ciliated neurons also suggest that EVs control mating behavior. Thus, male animal-derived EVs affect male-male tail chasing behavior [97] and mate-searching behavior, in which males leave food in order to search for mates if no hermaphrodites are present [98] . While the mechanism that underlie C. elegans mating behavior changes are unknown, the presence of the polycystin PKD-2 in EVs appears to be essential.
Nervous system
Communication is the essential function of the nervous system, requiring multiple types of interactions between diverse cell types. Thus, it is not surprising that EVs play a role in various aspects of neuronal communication (Fig. 3) . For the most part, EVs have been implicated in extrasynaptic control of cellular interactions. For example, exosomes released from nerve terminals at the developing Drosophila neuromuscular junction (NMJ) drive synaptic morphological expansion, although they do not directly affect synaptic signaling (Fig. 3) [106] [107] [108] . A Wingless (Wg)-Evi complex on the released exosomes interacts with muscle cells and promotes synaptic growth [107] . Due to its hydrophobicity, it would be difficult for soluble Wg to access its receptors on the muscle junctional region; thus, exosome-linked Wg is thought to travel more easily to its target site.
EVs are also important for glia-neuron communication. In the rat peripheral nervous system, EVs released from Schwann cells promote regeneration of nerve axons [109] , both in culture and in vivo. In vivo, injection of Schwann cell EVs enhanced axon regeneration after sciatic nerve crush injury. One potential mechanism for this effect could be EV-mediated inhibition of RhoA, a known suppressor of axon regeneration. In addition, transfer of ribosomes in EVs from the Schwann cells into the damaged axon augments new protein synthesis [110] . In the central nervous system, exosomes secreted by oligodendrocytes have been associated with enhanced neuronal viability and an increase in neuron firing rate [111, 112] . Less is known about the role of EVs in neuron-neuron communication, although recently neuronal EVs carrying Ephrin B2 have been shown to induce growth cone collapse, a critical component of axon pathfinding [113] . Together, these studies suggest that an important role of EVs in the nervous system is to promote structural remodeling in a diverse set of circumstances.
EVs in pathophysiological processes
EVs have been implicated in the pathogenesis of multiple diseases. Two particularly active areas of research include the roles of EVs in cancer and in neurodegeneration. Here we highlight the emerging role of EVs in both diseases. However, many of the discussed articles are the initial reports of a specific phenomenon. Confirmation by independent groups will be required to assess all the pathophysiological effects of disease-specific EVs. This analysis is complicated as standardized methods to isolate and/or identify EV subtypes in culture are not fully developed. It remains to be determined if the described effects are generalizable to all EVs in culture and in vivo, or if the reported observations are due to a specific EV subpopulation that may only be present under certain circumstances.
Cancer
The tumor microenvironment includes different normal cell types that function as an ecosystem to support tumor growth, invasion, and metastasis. These tumor-associated cells include endothelial cells, fibroblasts, pericytes, histiocytes and infiltrating immune cells [114] , as well as astrocytes, microglia and infiltrating macrophages in the brain. While cellto-cell communication is often attributed solely to soluble chemokines, cytokines, small molecules and growth factors [114] , in recent years a multitude of studies have implicated EVs as having a significant impact in the tumor microenvironment (Fig. 4) [115] .
As tumors progress, they outgrow the in situ vascular network, thereby generating hypoxic regions. Hypoxia induces the release of neo-vascularization-stimulating factors. In culture, after uptake of glioblastoma-derived EVs, levels of vascular endothelial growth factor (VEGF) increase in endothelial cells and activate the VEGF-receptor 2 in an autocrine manner [116] . Under hypoxic conditions, glioblastoma-derived EVs are also enriched for hypoxia-regulated mRNAs and proteins. Compared to EVs produced under normoxic conditions, the EVs released from hypoxic tumors act to increase the activation of the ERK1/2 MAPK, PI3K/AKT, and FAK pathways in recipient endothelial cells, resulting in more endothelial cell sprouting -an early step in neo-vascularization [117] .
Myofibroblasts are fibroblasts that are activated to express α-smooth muscle actin (α-SMA). Myofibroblasts are relatively absent in normal tissue, but highly present in the tumor microenvironment. Similar to their function in non-cancer fibrotic diseases, their pro-tumor function is probably in large part due to their secretion of different ECM components [114] . In prostate cancer, cultured fibroblasts can be differentiated into myofibroblasts by uptake of prostate cancer EVs containing transforming growth factor (TGF)-β1 [118] . In vivo, the synergy between fibroblasts and tumor cells in promoting tumor growth is reduced by knock-down of Rab27a in prostate cancer cells, a potential regulator of exosome release. However, it cannot be ruled out that the observed effects may be due to the effects of Rab27a knockdown on additional cellular processes or secretion modes.
The tumor microenvironment contains many immune cells, which are often inhibited in their ability to kill tumor cells. Recently, immune checkpoint therapy which targets inhibitory PD-1 and CTLA-4 signaling has been successful in treating subsets of patients with multiple tumor types by reactivating suppressed T and NK cells [119] . Tumor-associated macrophages (TAMs) are often implicated in this suppression and can also induce apoptosis in T cells through the expression of TRAIL and Fas ligand (FasL) [120] . Tumor-derived EVs are likely to influence this behavior by promoting an immunosuppressive macrophage phenotype. Thus, EVs from primary glioblastoma cells were shown to skew monocyte-to-macrophage differentiation towards a tumor supportive phenotype in culture [121] . The presence of tumor cells also increased levels of miR-21 in microglia and macrophages in culture and in vivo, in association with changes in their phenotype [122] . In an in vivo melanoma model, macrophages more distant from the tumor have also been found to interact with tumor-derived EVs in association with suppression of tumor growth. For example, subcapsular macrophages in lymph nodes can limit tumor growth by absorbing tumorderived EVs and preventing them from interacting with pro-tumor B cells [123] .
Like TAMs, tumor cell-derived EVs can also directly induce apoptosis in activated T-cells. For example, co-incubation of head and neck squamous cell carcinoma or melanoma cell line-derived EVs, but not normal DC-derived EVs, induced apoptosis in CD8+ T-cells [124] . The tumor-derived EVs were variably loaded with FasL, suggesting EV-FasL induced apoptosis is part of this cell death mechanism [124] . Another mechanism by which EVs can suppress anti-tumor immunity is by altering the differentiation of CD4+ T helper cells. Thus, co-incubation of CD4 + T-cells with tumor EVs was shown to induce their differentiation towards CD4 + CD25 + FOXP3 + Treg cells that can suppress the cytotoxic T-cell response [124] . Besides ligand-receptor interactions, the lipid composition of the EV-bilayer may also determine the effect of EVs on T-cells, as in ovarian cancer cell-derived EVs, phosphatidylserine linked to the outer leaflet of the EV bilayer is responsible for arresting the T-cell signaling cascade [125] .
Tumor cell migration and invasion can be enhanced by EVs and likely facilitate local and distant spread of tumor cells. Some organ sites appear to be more hospitable to the metastatic seeding of particular tumor cells, termed "metastatic organotropism". Prior to formation of metastatic tumors by actual metastatic cells, these tissue sites may be primed by factors released from the primary tumors and are referred to as "pre-metastatic niches" [126] . Recent studies suggest that tumor-derived EVs may be important priming factors that help set up metastatic niches, typically by interacting with normal host cells at the metastatic site. For example, EVs from pancreatic ductal adenocarcinoma cells can initiate liver premetastatic niche formation by transferring migration inhibitory factor (MIF) to Kupffer cells in the liver [56] . These Kupffer cells then secrete TGF-β that subsequently stimulates hepatic stellate cells to produce fibronectin. Fibronectin supports retention of macrophages and neutrophils in the liver, setting up an environment favorable for metastasis. In a syngeneic mouse model of melanoma, melanoma-derived exosomes induced lung vascular leakiness and recruited bone marrow-derived macrophages to metastatic sites [127] . In addition to the role of tumor derived EVs implicated in tumor growth and progression EVs derived from normal cells can support tumor growth. For example, in metastases to the brain, EVs from astrocytes appear to have an important role in supporting local tumor growth [128] . Astrocyte EV-mediated transfer of miR-19a to metastatic breast cancer cells reduced the levels of one of its target mRNAs encoding the tumor suppressor PTEN. In addition, uptake of astrocyte EVs by the metastatic cells induced chemokine CCL2 secretion promoting influx of microglial and myeloid-derived cells into the tumor microenvironment in vivo. Consistent with the tumor supportive role of these infiltrating cells, co-cultures of metastatic breast cancer cells and a microglial cell-line enhanced proliferation and inhibited apoptosis of the tumor cells [128] .
The possible mechanisms through which certain EVs home to specific target organs and induce site-specific metastasis remains a major question. Recently, quantitative massspectrometry of EVs of breast or pancreatic cancer cell-lines that primarily metastasize to the lung, liver or both identified EV-integrin patterns associated with organotropic metastatic potential [12] . EVs expressing α 6 β 4 and α 6 β 1 integrins were associated with lung metastasis, whereas those with α v β 5 integrins were linked to liver metastatic potential. Conceptually, the idea that adhesion proteins can mediate metastasis to diverse sites has a certain appeal, as integrin-ECM or integrin-cell (e.g. Kupffer cells in the liver) interactions could target EVs to specific tissues or cell-types within tissues. However, it is difficult to accurately track the distribution of tumor-derived EVs in the body, and it seems likely that additional factors, such as selective vascular leakiness and the ECM of specific organs are critical in organotropism of metastasis [127] . Together these studies suggest a role for tumor derived EVs in promoting both primary tumor growth and metastatic spread.
Neurodegenerative diseases
A number of neurodegenerative diseases are associated with infectious isoforms or misfolded proteins, including prion (PrP conformational isoform: PrP SC ), Alzheimer's (β-amyloid plaques) and Parkinson's disease (α-synuclein fibrils). Since in many of these diseases the aggregating proteins are carried by EVs, EVs are considered to have a role in cell-to-cell transmission of the toxic proteins and (pre-)fibrils [129, 130] ). In prion-related diseases -the transmissible spongiform encephalopathies, beta-sheet conformations of prion protein (PrP SC ) can propagate and be transmitted between both cells and organisms [131] . PrP (both PrP SC and the non-infectious normal isoform PrP C ) are GPI-anchored on the surface of EVs [132] . EV release was recently shown to increase cell-to-cell PrP SC infection, indicating that EV-associated PrP SC has infectious potential [131] . In Alzheimer's disease, in vivo reduction of plaque formation was reported after administration of a drug inhibiting neutral sphingomyelinase 2 (nSMase2), which acts in part to reduce EV biogenesis [133, 27] . This suggests disease-enhancing potential of EVs in Alzheimer's disease. However, a protective function of EVs in Alzheimer's disease has also been reported, as PrP C , present on the surface of EVs serves as a receptor for toxic Abeta42 peptide [134] and can thus sequester β-amyloid assemblies in vivo [135] .
The role of EVs in Parkinson's disease is also dichotomous. In juvenile-onset parkinsonism PARK9/ATP13A2, an ATPase ion pump localized to MVBs, is mutated [136] . Loss of PARK9/ATP13A2 function results in diminished release of exosome-associated α-synuclein, which may normally allow for disposal of toxic oligomers. In this context, exosomes may reduce intra-cellular α-synuclein levels in Parkinson's disease [137, 138] . However, other reports (e.g. [139] ) support the transfer of toxic α-synuclein oligomers from cells of origin to other cells, hence spreading the disease via EVs. It is currently unknown if EV-associated α-synuclein relates to the recently discovered α-synuclein plasma membrane binding partner lymphocyte-activation gene 3 (LAG3) [140] which could mediate either endocytosis of α-synuclein preformed fibrils associated with EVs or lead to subsequent targeting of α-synuclein preformed fibrils to EVs after endocytosis. In Alzheimer's and Parkinson's disease, the final presentation of disease may be due in part to an imbalance in the disease stimulating and reductive potential of EVs. Thus, yin-yang studies suggest both that EVs can be involved in transmission of disease-causing proteins between cells and even organisms, and that they can serve as disposal routes for toxic proteins or otherwise mitigate the toxic effects of these proteins. More research is needed to elucidate the balance between reducing toxicity and propagating pathology by EVs in different degenerative diseases.
Concluding Remarks
The recent explosion of EV studies has demonstrated their potentially critical role in cell-tocell communication. Due to the diversity of EV biogenesis mechanisms and the complexity of EV cargo content, many outstanding challenges and questions remain (see Outstanding Questions). One challenge for the future will be to ascribe specific functions to subclasses of EVs and identify the underlying molecular mechanisms. Technological advances in EV purification and analysis as well as advances in the ability to control EV biogenesis and cargo content -all active areas of research --will likely move this fast-growing field forward. It will be important to rigorously evaluate experiments in this field to avoid overinterpreting tantalizing findings.
Outstanding Questions box
•
What are the unique features of exosomes and can they be differentiated from other subgroups of extracellular vesicles (EVs)? Exosomes, microvesicles and large oncosomes each probably represent distinct subpopulations of EVs. Development of techniques to accurately separate these subpopulations will greatly facilitate elucidation of their unique properties.
• Which molecular cargoes mediate specific EV functions and do they do so singly or in combination with other EV cargoes?
• What are the spatiotemporal properties of EVs in vivo? Currently most EV studies are performed in culture or in vivo by addition or injection of EVs harvested from cells in culture. These studies may not reflect the actual spatiotemporal properties or concentration of EVs active in normal physiology in vivo.
• What are the mechanisms that mediate addressability of specific EVs to diverse cell types and tissues? For EV-mediated drug delivery as well as for understanding cell-cell communication, the identification of mechanisms by which EVs are preferentially taken up in specific target organs will be crucial.
• Are intracellular proteins and nucleic acids specifically incorporated into EVs and if so by which mechanism? Some elective cargo sorting mechanisms have been identified for exosomes. Whether all exosome cargoes are selectively sorted and whether other EV types have sorting mechanisms are important future questions. Cells have a number of ways of exchanging molecules which are facilitated by being maintained within a membrane boundary. These include deployment of EVs by: 1) release of exosomes through fusion of MVBs with the plasma membrane, and 2) budding of microvesicles off the plasma membrane. 3) In addition, cells in physical contact can form gap junctions allowing exchange of small molecules, including miRNAs. Other modes include: 4) connection of cells through nanotubes; 5) blebbing off of larger vesicles, especially from cancer cells e.g. oncosomes; 6) formation of membrane protrusions which release vesicles from their tips; and 7) larger diameter microtubes connecting cells. In the case of EVs there are a number of ways for information transfer: 8) lysis of vesicles in the extracellular space releasing their contents, including 9) free ligands and 10) ligands on the surface of vesicles, which stimulate receptors on the cell surface. Uptake of EV cargo can occur through: 11) fusion of the vesicle with the plasma membrane or 12) uptake by different types of endocytosis. In the latter case the fate of the vesicle and its content can be: 13) progression through the degradative pathway to lysosomes; and/or 14) escape from the endosome compartment to release contents into the cell cytoplasm where they may be functional. References for these pathways are given in the text. 
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Fig. 4. Role of EVs in cancer
Cancer-derived EVs influence both stromal and tumor cells. These EVs can induce endothelial sprouting and neovascularization. Incubation of cancer-EVs with T-cells leads both to apoptosis in CD8 + T-cells and the expansion of CD4 + towards T-regulatory cells. Monocytes differentiate towards a more tumor supportive phenotype after incubation with cancer-EVs. As cancer cells migrate, EVs from tumor cells can accelerate this process. EVs from malignant cancer cells induce less-malignant cells to migrate faster; however, the mechanism for this is unknown. Tumor cells load fibronectin onto EVs in an autocrine manner facilitating adhesion formation and rate of migration. Tumor-derived EVs can also set up metastatic niches at a variety of locations. In the liver, cancer-EVs induce TGF-beta production by Kupffer cells, which promotes fibronectin production by hepatic stellate cells. This fibrotic environment enhances retention of neutrophils and macrophages in the liver creating a favorable metastatic niche. In some cases, local cells may counter the effect of cancer-EVs, such as subcapsular macrophages that limit dissemination of cancer-EVs from lymph nodes.
